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Cataclysmic Variables (CVs) and Symbiotic Binaries are close (or not so close) binary star systems
which contain both a white dwarf (WD) primary and a larger cooler secondary star that typically
fills its Roche Lobe. The cooler star is losing mass through the inner Lagrangian point of the
binary and a fraction of this material is accreted by the WD. Here we report on our hydrodynamic
studies of the thermonuclear runaway (TNR) in the accreted material that ends in a Classical Nova
explosion. We have followed the evolution of the TNRs on both carbon-oxygen (CO) and oxygen-
neon (ONe) WDs. We report on 3 studies in this paper. First, simulations in which we accrete
only solar matter using NOVA (our 1-D, fully implicit, hydro code). Second, we use MESA for
similar studies in which we accrete only Solar matter and compare the results. Third, we accrete
solar matter until the TNR is ongoing and then switch the composition in the accreted layers to a
mixed composition: either 25% WD and 75% solar or 50% WD and 50% Solar. We find that the
amount of accreted material is inversely proportional to the initial 12C abundance (as expected).
Thus, accreting solar matter results in a larger amount of accreted material to fuel the outburst;
much larger than in earlier studies where a mixed composition was assumed from the beginning
of the simulation. Our most important result is that all these simulations eject significantly less
mass than accreted and, therefore, the WD is growing in mass toward the Chandrasekhar Limit.
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1. Introduction
The two major suggestions for the stars that explode as a Supernova of Type Ia (SN Ia) are the
single degenerate (SD) scenario and the double degenerate (DD) scenario. In the SD scenario, a
white dwarf (WD) in a close binary system accretes material from its companion and grows to the
Chandrasekhar Limit. As it nears the Limit, an explosion is initiated in the core. The DD scenario
assumes a merger or collision of twoWDs occurs and the resulting explosion is observed as a SN Ia
outburst. Although the SD scenario is capable of explaining most of the observed properties of SN
Ia explosions via the delayed detonation hypothesis (Khokhlov, 1991; Kasen et al., 2009; Woosley
& Kasen, 2011; Howell et al., 2009, and references therein), there are still no binary systems that
have been confirmed as progenitors. It is also the case that the “zoo” of SNe Ia types is increasing
as surveys find more and more members (e.g., White et al., 2015; Ruiter, 2020). Recent results
(Cao et al., 2015; Olling et al., 2015), in the same issue of Nature, both favor and disfavor the SD
scenario. Therefore, there are likely multiple channels of SN Ia progenitors and continuing study
of the SD channel is warranted.
Reviews of the various proposals for SN Ia progenitors (Branch et al., 1995; Ruiter, 2020)
producing a SN Ia, and the implications of their explosions can be found in Hillebrandt & Niemeyer
(2000), Leibundgut (2000, 2001), Nomoto et al. (2003), and Howell (2011). More recently, a
tremendous effort has gone into studies of their observed properties (cf., Hillebrandt & Leibundgut,
2003; Howell, 2010; Maoz et al., 2014; Ruiz-Lapuente, 2014).
New evidence in favor of continuing the studies of the SD scenario comes from the observations
of SNIa 2011fe in M101. The exploding star was likely a carbon-oxygen (CO) WD (Nugent et al.,
2011) with a companion that was probably on or near the main sequence (Li et al., 2011; Bloom
et al., 2012). However, EVLA (Chomiuk et al., 2012) and optical (Bloom et al., 2012) observations
have ruled out many types of cataclysmic variable (CV). Moreover, (Schaefer & Pagnotta, 2012)
find no star (to stringent but not impossible limits) at the “center” of a SN Ia remnant in the LMC
while (Edwards et al., 2012) find a large number of stars near the “center” of a second LMC SN Ia
remnant. In addition, HST studies of the spatial region from which SN 2011fe exploded, suggest
that the progenitor had a luminosity less than ∼ 1034 erg s−1 (Graur et al., 2014), and Lundqvist
et al. (2015) find no evidence for a remnant companion in late time observations of SN 2011fe
and SN 2014J. While these observations rule out typical Supersoft X-ray sources (Kahabka & van
den Heuvel, 1997), recent studies suggest that a CV progenitor could be fainter than that value
(Newsham et al., 2014; Starrfield et al., 2012; Starrfield, 2014).
Further support for the SD channel, arises from the observations of V445 Pup (Nova Puppis
2000). There were no signs of hydrogen in the spectrum at any time during the outburst, especially
just after discovery, but there were strong lines of carbon, helium, and other elements in the optically
thick spectra (Wagner et al., 2001a,b; Henden et al., 2001; Lyke et al., 2001;Woudt & Steeghs, 2005;
Woudt et al., 2009). Unfortunately, no one has yet done an abundance analysis of the early spectra
to determine an upper limit to the amount of hydrogen that could be present in the ejected gases.
Nevertheless, it is probably extremely small. Because the system was extremely luminous before
the outburst, the secondary is thought to be a hydrogen deficient carbon star (Woudt et al., 2009).
Since one of the defining characteristics of a SN Ia explosion is the absence of hydrogen or helium
in the spectrum at any time during the outburst or decline, the existence of V445 Pup implies that
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mass transferring binaries exist in which hydrogen is absent at the time of the explosion and most
of the helium is converted to carbon during the nova phase of evolution. The latest spectra show
that this system is still in outburst and, therefore, it has not been possible to study the underlying
system (Tomov et al., 2015).
In the next section (Section 2) we briefly discuss the two stellar evolution codes used in this
study. We follow that with a discussion of the results with NOVA (Section 3) and MESA (Section
4). We continue with a discussion of the implications of our results for SN Ia progenitors (Section
5), discuss studies with a mixed composition (Section 6), and end with Conclusions (Section 7).
2. The Stellar Evolution Codes: NOVA and MESA
This section describes the two codes used in the studies presented in this paper. They are
NOVA (Starrfield et al., 2009, 2016, 2019, and references therein) and MESA (Paxton et al., 2011,
2013, 2015, 2018, 2019, and references therein). NOVA is a one-dimensional (1-D), implicit,
hydrodynamic, computer code which includes a nuclear reaction network that has been extended
to 187 nuclei (up to 64Ge and including the pep reaction), the OPAL opacities (Iglesias & Rogers,
1996, and references therein), the Starlib nuclear reaction rates (Sallaska et al., 2013), the Timmes
equations of state (Timmes & Arnett, 1999; Timmes & Swesty, 2000), and the nuclear reaction
network solver developed by Hix&Thielemann (1999). NOVA also includes the Arnett et al. (2010)
algorithm for mixing-length convection and the Potekhin electron conduction opacities described in
(Cassisi et al., 2007, and references therein). These improvements have had the effect of changing
the initial structures of the WDs so that they have smaller radii and larger surface gravities.
MESA solves the 1D fully coupled structure and composition equations governing stellar
evolution. It is based on an implicit finite difference scheme with adaptive mesh refinement and
sophisticated time step controls. State-of-the-art modules provide the equation of state, opacity,
nuclear reaction rates, element diffusion, boundary conditions, and changes to the mass of the
star (Paxton et al., 2011, 2013, 2015, 2018, 2019). MESA employs contemporary numerical
approaches, supports shared memory parallelism based on OpenMP, and is written with present
and future multi-core and multi-thread architectures in mind. MESA combines the robust, efficient,
thread-safe numerical and physics modules for simulations of a wide range of stellar evolution
scenarios ranging from very-low mass to massive stars. The equation of state is the 2005 update of
the OPAL EOS (Rogers & Nayfonov, 2002) with an extension to lower temperatures and densities
of the SCVH EOS (Saumon et al., 1995). This EOS is supplemented with the HELMEOS (Timmes
& Swesty, 2000) and the PC EOS (Potekhin & Chabrier, 2010) for the regimes where they are valid.
The choice of opacity is the OPAL opacities (Iglesias & Rogers, 1996) with the low temperature
opacities of Ferguson et al. (2005) and the electron conduction opacities of Cassisi et al. (2007).
3. Simulations with NOVA
In this section we report on the first of two studies that investigated the consequence of a WD
accreting stellar material with a solar composition from a secondary donor star. Many types of close
binary systems with aWD primary have been suggested as the progenitors for SN Ia explosions, thus
we have modeled accretion onto a wide range of WD masses with a wide range of accretion rates.
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NOVA was used to study the consequences of accretion onto WDs with masses of 0.4M, 0.7M,
1.0M, 1.25M, and 1.35M assuming only material with a solar composition. Two initial WD
luminosities (4×10−3 L and 10−2L) and seven mass accretion rates ranging from 2×10−11M
yr−1 to 2×10−6M yr−1 were used.
These fully implicit, time-dependent, calculations show that the sequences exhibit the Schwarz-
schild & Härm (1965) thin shell instability. All simulations resulted in a TNR which, in only a
few cases, ejected some material, while the WD radius grew to ∼ 1012cm. In general, the low
mass WDs did not eject any material while the high mass WDs ejected a small fraction of their
accreted material (a maximum of ∼ 4% for the 1.25M sequences and ranging down to ∼ 0.1% for
the 0.7M sequences). Therefore, the WDs are growing in mass as a result of the accretion of solar
composition material and no enrichment from core material.
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Figure 1: The log of the accretion time to the TNR as a function of WD mass. Each of the data points is
for a different M˙ and the value of M˙ increases downward for each WD mass. The accretion time, for a given
M˙ decreases with WD mass because it takes less mass to initiate the TNR as the WD mass increases. We
have identified the recurrence times of a number of recurrent novae on this plot to show that the short times
between recurrent nova outbursts implies a massive WD and a high M˙.
Figure 1 shows the accretion time to the TNR for the sequences with accretion times short
enough to simulate the inter-outburst times of recurrent novae. Note that M˙ increases downward.
As is well known, as the WD mass increases, the accretion time decreases for the same M˙. This
is because higher mass WDs initiate the TNR with a smaller amount of accreted mass. Given the
existence of recurrent novae and Symbiotic Novae with recurrence times ranging from a few years
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(U Sco) to about 20 years (RS Oph) or longer (T Pyx, V407 Cyg, and T CrB), Figure 1 shows
that it is possible for recurrent novae to occur on WDs with masses as low as 0.7M. Although
it is often claimed that only the most massive WDs have recurrence times short enough to agree
with the observations of recurrent novae, this is not the case and basing WD mass determinations
for recurrent novae purely on short recurrence times is incorrect. Figure 1 demonstrates that it is
also possible for a recurrent nova outburst to occur on a high mass WD for an extremely broad
range of M˙. Finally, for the most massive WDs, the recurrence period can be less than a year which
suggests that the “rapidly recurring” recurrent nova in M31 (M31N 2008-12a) which is outbursting
about once per year and has opened up a large cavity in the ISM surrounding the system (Darnley
et al., 2016, 2017b,a, 2019; Henze et al., 2015, 2018) can be explained by our simulations. This
system is neither X-ray nor UV luminous between outbursts and its existence argues against those
investigators disparaging the SD scenario because they expect bright UV surroundings after a SN
Ia outburst .
Figure 2: The light curve for the 0.4 M sequence. The solid line is the bolometric magnitude and the
dashed line is the visual magnitude. The WD mass and M˙ are given on the plot. Note that it takes more than
12 years to reach maximum light in the visual. The deep drop in magnitude is caused by the slowly outward
moving layers cooling and fading as they climb out of the potential well of the WD. Once the expanding
layers reach a few times 1011 cm, the continuing energy produced in the nuclear burning regime heats the
outer layers with a concomitant rise in luminosity. However, they are continuing to expand and again cool
allowing the visual magnitude to climb to close to the bolometric magnitude (the bolometric correction is
declining as the effective temperature of the material is declining). The calculation is stopped when the outer
radii reach 1012cm but no material has been ejected. Given the long evolution time of this sequence, the time
axis is given in years. Those for all the rest of the simulations are given in days.
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Figure 3: This figure shows the light curve for a sequence with 0.7M. The oscillations as the bolometric
magnitude recovers fromminimum are caused by oscillations in the expansion velocity as the material climbs
out of the potential well of the WD. The minimum magnitude is +10 which is in contrast to the minimum
magnitude of +15 realized in the 0.4 M evolutionary sequence. No material was ejected and the calculation
was stopped when the outer layers reached a radius exceeding 1012cm. This sequence takes less than one
day for the bolometric magnitude to reach maximum. The early rise in the light curve is emphasized to
show the early structure in the rise. The expanding material is cooling slowly and it will take days before the
temperature declines to where the bolometric and visual magnitudes are equal.
Figures 2 (0.4M), 3 (0.7M), 4 (1.0M), 5 (1.25M), and 6 (1.35M), show the light curves
for 5 simulations with the same M˙ but different WD mass. The WD mass is given on each plot. In
all cases shown, the mass accretion rate is 2×10−10Myr−1. This value of M˙ was chosen to obtain
the largest amount of matter on the surface of the WD before the onset of the TNR which, in turn,
should produce the highest temperatures, highest densities, highest energy generation rates, and
eject the largest amount of material. The solid line in each plot is the evolution of the bolometric
magnitude and the V magnitude is shown as the dashed line. While the initial models all had
luminosities ∼ 4×10−3 L, because of their different radii, their effective temperatures ranged from
11,500 K for the 0.4M WD to 32,000 K for the 1.35M WD which can be seen in the initial
differences between the values of the bolometric and visual magnitudes.
We stop the evolution when the outer radius reaches ∼ 1012cm and the expanding material has
become optically thin. The lower mass WD takes years to evolve to ∼ 1012 cm while the higher
mass WDs take only days. The initial long decline and slow recovery in Figure 2 is caused by the
conversion of some of the internal energy, produced by ongoing nuclear burning near the surface,
5
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Figure 4: TheWDmass and M˙ are given on the plot. This figure can be compared directly with the previous
figures. In contrast to the sequences on lower mass WDs, 8× 10−8 M was ejected. This is 0.1% of the
material accreted.
into the potential energy necessary for the material to climb out of the gravitational well of the
WD. The most extreme result is for the 0.4M WD for which it takes more than one year for the
expanding material to recover and begin to become more luminous and hotter. As the mass of
the WD increases, the time scale to the TNR decreases which can be seen in the accreted mass
necessary to reach the TNR which ranges from 6×10−4M (0.4M) to 6×10−6M (1.35M).
While the simulations with NOVA were done with fully 1-D hydrodynamics, NOVA is only
able to follow the first outburst on the WD. In all cases a TNR occurred and caused the outer layers
to begin expanding to large radii. In a few cases the outermost mass zones reached escape velocity
and became optically thin. The amount of material lost, if any, was tabulated but the escaping zones
were not removed from the mass zoning because, even if they were escaping, they still exerted a
numerical pressure on the underlying layers. If this ejected material were removed, excessive mass
loss would have occurred. In summary, the NOVA results imply strongly that the WD is growing
in mass as a result of accretion.
Nevertheless, it is important to do simulations that allow repeated outbursts on the WD and
follow the secular evolution to see if the WD continues to grow in mass. We do this in the next
section with MESA because it is capable of following multiple outbursts on an accreting WD and,
thereby, determining if the WD is gaining in mass.
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Figure 5: The WD mass and M˙ are given on the plot. Note that on this WD it takes less than one day to
reach maximum. As in the sequence at 1.0M a small amount of the material was ejected (3%).
4. Simulations with MESA
The MESA (Paxton et al., 2011, 2013, 2015, 2018, 2019) studies followed the long term
evolution of the WD as it accreted stellar material with a solar composition and experienced a large
number of TNRs resulting in ejection, mass loss, and then the renewal of accretion. Therefore, the
treatment of mass loss is important in following the long term behavior of the WDs, determining if
mass growth occurs and, if so, how rapidly. In order to determine the effects of different mass loss
prescriptions, the evolution of a 1.35M WD accreting at a rate of 1.6×10−9Myr−1 was followed
using three different mass loss prescriptions. These were (1) Eddington wind mass loss as described
in Shaviv (2002); (2) determining the amount of mass ejected when the outer layers exceed the
escape velocity, are optically thin, and the surface radius exceeds 1012cm (this is the prescription
in NOVA); and (3) Roche Lobe overflow with an assumed ejection rate of 10−6Myr−1 at a radius
of 1.0 R. Two different atmospheres were used for the Eddington wind method. One was a grey
atmosphere and the other was a WD atmosphere; both with an optical depth of twenty-five. A grey
atmosphere was used for the other mass loss prescriptions.
The major differences in the results using these 3 mechanisms was that the accretion efficiency
(defined as the mass accreted minus the mass lost divided by the mass accreted over a flash cycle)
was ∼13% for the Eddington wind prescription (with little effect of the chosen atmosphere), ∼15%
to 20% for Roche lobe overflow, and ∼90% for the method used in NOVA. Therefore, in comparison
with the NOVA studies, the Eddington wind method ejects a larger amount of the accreted mass
7
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Figure 6: The WD mass and M˙ are given on the plot. In contrast to the sequences on lower mass WDs, the
rise of the visual light curve is rapid and takes less than 1 day. The oscillations occur when the material has
reached a radius of about 1012cm. No material was ejected up to the time the calculations were stopped.
than NOVA so that the WD grows in mass more slowly. The Eddington wind method was used in
the MESA calculations because it is more easily implemented for following repeated TNRs.
Initial WD masses of 0.7 M, 1.0 M and 1.35 M were used. All WDs consisted of bare
CO cores (C = 0.357, O = 0.619) at the beginning of accretion. The mass accretion rates were
chosen to be 1.6×10−10 Myr−1, 1.6×10−9 Myr−1, 1.6×10−8 Myr−1, and 1.6×10−7 Myr−1.
Other accretion rates were used, in order to separate different regimes of behavior, when needed.
The composition of the accreted material was solar. All simulations were run for either many TNR
cycles or the time required for long-term behavior to become evident.
Figure 7, shows a 0.7 M evolutionary sequence accreting at 1.6×10−7 Myr−1 that exhibits
an initial flash and then settles into an extended period of slow growth where the luminosity is
constant. The top panel shows the log of the luminosity as a function of time while the bottom
panel shows the growth in mass over the same time period. The surface luminosity is close to
that observed for the Super Soft Binary X-ray sources (Kahabka & van den Heuvel, 1997, and
references therein) although the metallicity assumed to obtain the opacities was solar and not that
of the LMC. The evolution of the WD, and the slow growth in mass, was followed for more than
104 yr at which time the simulation was stopped. During this phase, the mass of the WD grew at a
rate of 1.55×10−7Myr−1.
Figure 8 shows both the surface luminosity versus time (top panel) and themass growth (bottom
panel) for a 1.35 M WD accreting at 1.6×10−7Myr−1. After the initial growth to the first TNR,
8
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Figure 7: The top panel shows the log of the luminosity as a function of time for a 0.7M WD accreting at
1.6×10−7Myr−1. The bottom panel shows the growth in mass as a function of time. At this M˙ there is a
single TNR and then the WD slowly grows in mass. The surface luminosity is close to that observed for the
Super Soft X-ray Binary sources. The evolution of the WD was followed for more than 104 yr.
the model settles into a recurring pattern of mass accretion resulting in TNRs which eject a fraction
of the accreted mass via an Eddington wind. The positive slope shows that the WD is growing in
mass at a rate of ∼ 3.0× 10−8Myr−1 for an accretion rate of 1.6× 10−7Myr−1. The recurrence
time for this sequence is almost short enough to agree with that of the M31 recurrent nova that is
outbursting almost once per year (Darnley et al., 2016, 2017b,a, 2019; Henze et al., 2015, 2018).
While the evolution shown in Figure 8 implies that a 1.35M simulation can grow in mass
with repeated hydrogen flashes, it is also interesting to see if accretion at a higher rate will cause
the WD to grow in radius to that of a red giant as proposed by (Fujimoto, 1982a,b). Therefore, a
higher M˙ was chosen (6.4×10−7Myr−1) and while helium flashes occurred they did not eject any
material. This is shown in Figure 9. After approximately seventy-five years of accretion, the WD
undergoes a helium flash. The radius of the WD peaks at 0.056 R but the peak surface velocity
reaches only 10 km s−1.
If this WD were in a CV system with a secondary that had a mass of 0.7M and a radius of
9
Hydrodynamic Simulations of Classical Novae S. Starrfield
       
1
2
3
4
5
6
Lo
g 
L(L
O •
)
0 10 20 30 40 50 60
Age(yrs)
0
5.0•10-7
1.0•10-6
1.5•10-6
2.0•10-6
2.5•10-6
M
as
s 
gr
ow
th
(M
O •
)
Figure 8: The top panel shows the log of the luminosity as a function of time for a 1.35M evolutionary
sequence accreting at an M˙ of 1.6×10−7Myr−1. The bottom panel shows the growth in mass as a function of
time. After the initial flash, which is the strongest, the WD slowly grows in mass. The decrease in WD mass
during each flash is caused by the mass lost when the outermost layers exceed the Eddington Luminosity.
0.75 R, it would fill its Roche Lobe if the system had a semi-major axis of 2.32R and a period of
6.9 hr. This gives a Roche Lobe radius for the WD primary of 1.01R. However, the radius in this
simulation never exceeded more than about 6% of this value during the helium flash. Therefore,
such helium flashes do not stop the growth in the mass of the WD from either Roche Lobe overflow
or envelope ejection. After the initial helium flash, the WD undergoes succeeding helium flashes
roughly every 75 years. The WD continues to grow in mass at a rate of 2.6× 10−7 Myr−1. The
helium flashes are not violent because mass is being lost via an Eddington wind. Thus, a helium
flash is not the dynamic mass ejection event that occurs with the mass loss prescription used in
NOVA. In complementary helium accretion simulations with NOVA, large radii resulted from the
initial TNR and further evolution was halted.
In Figure 10 the evolution of a 1.0 M WD also accreting at 6.4×10−7Myr−1 is shown. The
WD exhibits steady growth interrupted by a helium flash that again does not eject all the accreted
10
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Figure 9: These two panels show a helium flash that occurred on a 1.35M WD accreting at a rate of
6.4×10−7Myr−1. The upper panel shows the log of the radius (in units of the Solar radius) as a function of
time and the lower panel shows the velocity of the surface layers (km s−1) over the same time period. The
surface material is never able to climb very far out of the potential well of the WD and never reaches very
large velocities.
material so that the WD is growing in mass. At lower accretion rates, the 0.7 M, 1.0 M, and
1.35M sequences also go through TNRs and mass loss events and the WD grows in mass. This
is shown in Figure 11 which gives the growth rate in Myr−1 as a function of M˙ for 0.7M (solid
line), 1.0M (dotted line), and 1.35M (dashed line) WDs. The lowest mass WDs are growing
faster than the most massive WDs for the same M˙.
The growth rates (Figure 11) are much larger for the higher accretion rates at a given WD
mass. For a given accretion rate, the lower mass WDs grow in mass at a greater rate than the more
massive WDs. This is because the lower mass WDs must accrete more mass to reach the initial
conditions for a TNR and, since they produce less nuclear energy, less mass is ejected. The 0.70M
and 1.0M WDs, for accretion rates greater than ∼ 10−7Myr−1, eventually become red giants at
which point the simulation is ended. However, the 1.35M sequences, although exhibiting helium
11
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Figure 10: Same as for Figure 7 but for a 1.0M WD accreting at 6.4× 10−7Myr−1. The WD exhibits
steady growth interrupted by a helium flash which does not eject all the accreted material so that the WD is
growing in mass.
flashes, continue their mass growth at the higher accretion rates and never grow to red giant radii.
Using the results shown in Figure 11, we estimate the timescale for the growth of the WDs in
CV systems to reach the Chandrasekhar Limit. The sequences that grow in radius to red giants (M˙
greater than ∼ 10−7Myr−1 on lower mass WDs) and also the lower accretion rate sequences which
exhibit the most violent hydrogen flashes (M˙ less than ∼ 10−8Myr−1) are ignored in these figures.
Using these constraints, the time for a 0.7M WD to reach the Chandrasekhar Limit ranges from
1.5× 107yr to 4.3× 108yr. The 1.0M WD will take 1.2× 107yr to 3.3× 108yr, and the 1.35M
WD requires 5.6×106yr to 1.1×108yr. The shortest and longest evolution times vary by two orders
of magnitude.
Figure 12 shows the recurrence time of the flashes versus the accretion rate (excluding the
sequences that terminate as a red giant). For the 0.70M WD, the recurrence time spans some
three orders of magnitude with the lowest accretion rate exhibiting the longest recurrence time. The
1.00M and 1.35M WD’s exhibit the same behavior with each higher mass being approximately
one order of magnitude less in recurrence time at a given accretion rate. The evolutionary sequences
12
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Figure 11: The growth rate in Myr−1 as a function of M˙ for 0.7M (solid line), 1.0M (dotted line), and
1.35M (dashed line) WDs. The lowest mass WDs are growing faster than the most massive WDs for the
same M˙ since they accrete more mass and eject no mass as a consequence of the TNR.
span recurrence times from ∼ 106 yr down to a year or less.
A summary of the MESA results is given in Figure 13 which has three main regions. At low
accretion rates, all WD masses undergo a TNR. While mass is lost during the peak of the flash it is
much less than that accreted to initiate the flash. This is the region below the lower dotted line in
Figure 13 and each of the simulations is indicated by a “diamond”. At the highest accretion rates
for the 0.70 and 1.00M WDs, the evolutionary sequences, after an initial TNR enter a regime of
slow growth in mass which is eventually terminated by the WD growing to red giant dimensions.
The simulation is stopped because there is no accretion at these radii. These evolutionary sequences
exist above the top dotted line in Figure 13. Nevertheless, the enlarged WD extends past the Roche
Lobe radius of observed CVs and common envelope evolution could eject the outer layers and
accretion begin again. However the M˙ for these sequences is larger than typically observed for CVs.
This behavior does not occur for 1.35M WDs. They experience helium flashes which do not eject
all the accreted material and the WD continues to grow in mass.
The third regime, intermediate between the two dotted lines, is where slow growth inWDmass
13
Hydrodynamic Simulations of Classical Novae S. Starrfield
10-10 10-9 10-8 10-7
100
101
102
103
104
105
106
Accretion Rate (M
O •
 yr-1)
R
ec
ur
re
nc
e 
Ti
m
e(y
rs)
Figure 12: The recurrence time in years as a function of M˙ for 0.7M (solid line), 1.0M (dotted line), and
1.35M (dashed line) WDs. This figure is to be compared with Figure 1 which exhibits the same behavior
and nearly the same recurrence times but are the results from calculations done with NOVA and not MESA.
occurs for long times but the sequences eventually enter a regime of TNRs characteristic of a some-
what lower accretion rate (where the flashes occurred at the onset of accretion). The intermediate
behavior is approximately bounded by accretion rates of 5.0× 10−8Myr−1 and 10−7Myr−1. In
virtually all sequences shown in Figure 13, the WD is growing in mass.
Finally, it is commonly assumed that a CO WD should not have a mass exceeding ∼ 1.15M
(Iben, 1991; Ritossa et al., 1996; Iben et al., 1997). Our simulations in this paper, however, suggest
that WDs are growing in mass, so that there should be massive CO WDs in CN systems. An
example of this class is Nova LMC 1991, a CO nova, which exhibited a super Eddington luminosity
for more than 2 weeks (Schwarz et al., 2001) likely requiring a WD mass exceeding ' 1.35M.
Moreover, the WDs in four of the nearest CVs [U Gem: 1.2 M (Echevarría et al., 2007), SS Cyg:
0.8 M (Sion et al., 2010), IP Peg: 1.16 M (Copperwheat et al., 2010), and Z Cam: 0.99 M
(Shafter, 1983)] are more massive than the canonical value for single WDs of 0.6 M (Sion, 1986).
In addition, Sion et al. (2019) report a WD mass for the recurrent nova CI Aql of 0.98 M, Shara
et al. (2018) report that the mean WD mass for 82 Galactic CNe is 1.13 M and for 10 recurrent
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Figure 13: This figure shows the fate of accreting WDs versus their mass. The symbols indicate the
sequences that evolve to red giants (squares), those that grow steadily in mass followed by hydrogen flashes
that eject only a fraction of the accreted material (asterisk), recurrent hydrogen flashes in which the WD is
growing steadily in mass (diamonds), and slow growth in WDmass interrupted by helium flashes (triangles).
The dotted lines demarcate the 3 regions of importance on this diagram - see the text.
novae is 1.31 M, while Selvelli & Gilmozzi (2019) analyzed 18 old CNe, using data from both
IUE and Gaia, and report that many WDs in CNe have masses above the canonical value for single
WDs.
5. CNe and CVs are probably one Channel of SN Ia progenitors
Although of great importance to both galactic chemical evolution and, in addition, as probes of
the evolution of the universe, the progenitors of SN Ia explosions are as yet unknown. Originally,
the SD scenario, with the WD accreting from the secondary and growing in mass toward the
Chandrasekhar Limit, was preferred. However, this scenario is now disfavored by many. The other
scenario, the DD scenario, which involves either a merger or collision between two CO WDs, is
now thought to be the major channel for SN Ia explosions. The switch in the preferred paradigm is
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caused by a number of perceived problems with the SD scenario that need to be understood. In this
section we discuss four of those problems and show that they are, in fact, not problems at all.
The first major problem, which is directly relevant to the simulations presented in the earlier
sections, is the common assumption, based on the analyses of the ejecta abundances and ejecta
masses of CNe outbursts that the WD is decreasing in mass as a consequence of the TNR and
resulting explosion. However, that assumption is incorrect for solar accretion as we have now
shown in earlier sections of this manuscript. In addition, Starrfield et al. (2019) along with Hillman
et al. (2015a,b, 2016) show that the WDs in CO CNe are also growing in mass. Moreover, we have
now done simulations of ONe CNe and find that the WD in those systems is also gaining in mass
(Starrfield et al. 2020, in preparation). Therefore for CVs in general the consequence of accretion
are a growth in mass of the WD. One concern, nevertheless, is that the large number of CVs in
the galaxy may result in too many SN Ia explosions. However, the mass of the secondary also
determines the ultimate consequences of the evolution. It is possible that in many CV systems the
secondary has too little mass and the outbursts will stop and the evolution will end before the WD
has reached the Chandrasekhar Limit.
The second perceived problem is due to the interpretation of the calculations of Nomoto (1982)
and Fujimoto (1982b,a). A reproduction of their results can be found as Figure 5 in Kahabka &
van den Heuvel (1997) which shows that the space describing the consequences of mass accretion
rate as a function of the mass of the accreting WD can be divided into three regions. Our version
of their Figure 5 is Figure 13 and the data that we plot in Figure 13 is discussed in the last section.
According to the results plotted in their Figure 5, for the lowest mass accretion rates, at all WD
masses, they predict that accretion results in hydrogen flashes that resemble those of CNe and the
WD is assumed to be losing mass. However, the purpose of this paper has been to provide a broad
range of simulations at various M˙ and WD mass (using two independent stellar evolution codes)
which show that aWD accreting at low rates is gaining in mass. In addition, Hillman et al. (2015a,b,
2016) and we (Figure 13 ) have investigated the consequences of accretion at higher rates and again
find that the WD is growing in mass. Thus, mass accreting systems with a broad range in WD mass
and M˙ must be included in the classes of SN Ia progenitors.
A third problem relates to the upper region on the Nomoto (1982) and the Fujimoto (1982b,a)
plot, which shows the results for the highest accretion rates and predicts for all WD masses that
the radius of the WD will grow rapidly to red giant dimensions, accretion will be halted, and any
further evolution will await the collapse of the extended layers. These systems, therefore, cannot be
SN Ia progenitors. However, we have done extensive studies of solar accretion onto WDs and our
fully hydrodynamic studies show, for the highest mass accretion rates on the most massive WDs,
steady hydrogen burning (see below) is occurring followed by recurring helium flashes. The helium
flashes do not result in ejection and the WDs are again growing in mass. Hillman et al. (2015a,
2016) also report that helium flashes do not eject material.
The fourth problem is based on the existence of the intermediate regime identified by Nomoto
(1982) and Fujimoto (1982b,a), where the material is predicted to burn steadily at the rate it is
accreted. The central M˙ of this region is nominally ∼ 3× 10−7M yr−1 and it does have a slight
variation with WD mass. Those systems that are accreting at the steady nuclear burning rate are
supposedly evolving horizontally in this plot towards higher WD mass and, by some unknown
mechanism, the mass transfer in the binary system is stuck in this mass accretion range. van den
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Heuvel et al. (1992) predicted that it was only the systems in this region that were SN Ia progenitors
via the SD scenario, They identified the Super Soft X-ray sources (SSS) as those systems, based
on their luminosities and effective temperatures. The SSS are luminous, massive, WDs discovered
by ROSAT (Trümper et al., 1991). They are binaries, with luminosities L∗ ∼ 1037−38erg s−1 and
effective temperatures ranging from 3−7×105K (Cowley et al., 1998; Branch et al., 1995; Kahabka
& van den Heuvel, 1997).
However, in more recent studies of accretion without mixing, an expanded study of the stability
of thin shells can be found in (Yoon et al., 2004, and references therein), who investigated the
accretion of helium-rich and hydrogen-rich material onto WDs. Their results show that sequences
in the steady nuclear burning regime begin in a stable region, but with continued accretion, evolve
into instability. In addition, their study shows that the evolutionary sequences at these M˙ exhibit
the Schwarzschild & Härm (1965) thin shell instability, which implies that steady burning does not
occur. We identify these systems, therefore, with those CVs (dwarf, recurrent, symbiotic novae)
that show no core material either on the surface of the WD or in their ejecta.
Given that the SSS were the only systems that were predicted to be SD Ia progenitors, it was
expected that they would be detected by consequences of the long periods of luminous X-ray and
UV emission on the surrounding ISM. In addition, this extreme emission should still be evident in
the ISM surrounding recent SN Ia explosions. For example, Graur & Woods (2019) state: "For
the WD to efficiently grow in mass, the accreted hydrogen must undergo stable nuclear-burning on
its surface. This means the progenitor system will be a luminous source of soft X-ray emission (a
supersoft X-ray source, SSS, van den Heuvel et al., 1992) for at least some period of time before the
explosion." Similar statements can also be found in Gilfanov & Bogdán (2010) and Kuuttila et al.
(2019). Such emission has not been found and the absence of evidence has been used to eliminate
the SD scenario even in the most recent studies. However, observations of CNe and CVs, which we
now identify as possible SN Ia progenitors, show that they do not spend a large amount of time at
high luminosities and effective temperatures.
Moreover, some recurrent novae are repeating sufficiently often that their WDs must have
grown in mass so that they are now close to the Chandrasekhar Limit. One such system is the
“rapidly recurring” recurrent nova in M31 (M31N 2008-12a) which is outbursting about once per
year and has opened up a large cavity in the ISM surrounding the system (Darnley et al., 2016,
2017b,a, 2019; Henze et al., 2015, 2018). It is neither X-ray nor UV luminous between outbursts.
6. New Studies with Mixed Compositions
In the previous sections we described the consequences of TNRs on WDs where no mixing
of the accreted solar material with WD material was assumed. In this section we briefly describe
new studies of the consequences of TNRs that result when mixing of accreted material with WD
core material occurs. While almost all of the earlier studies assumed that the accreting material
mixed immediately with WD material, we have now altered how and when we assume the mixing
occurs. The reason is that if we assume mixing occurs from the beginning of the simulation the
resulting simulations do not agree with the observations. The basic reason is that once the accreting
envelope has been enriched, the increased opacity traps more of the heat from compression and
nuclear burning in the accreted layers. This, in turns, causes the temperature to rise more rapidly
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per unit accreted material and the TNR occurs earlier with less material accreted than if no mixing
had occurred (Starrfield et al., 1998, 2016).
Fortunately, the recent multi-dimensional studies of convection in the accreted layers of WDs
(Casanova et al., 2010a,b, 2011a,b, 2016, 2018; José, 2014; José et al., 2020, and references
therein) implied that we could reasonably approximate their results by accreting a hydrogen-rich
(solar abundances) layer and then switch to a mixed composition once the TNR was underway and
convection had begun. A similar technique has already been used by José et al. (2007) who explored
a variety of time scales for mixing the WD material into the accreted layers, once convection was
underway, and found that using short time scales was warranted. Our initial studies, using a similar
technique, suggested that accretion with mixing of WD with solar material onto CO WDs, resulted
in CNe explosions where the WD was growing in mass (Starrfield et al., 2017, 2018a,b).
Therefore, we have now used NOVA to study the consequences of TNRs on WDs of various
masses using three different compositions (Starrfield et al., 2019). In all cases we find that more
mass is accreted than ejected and, therefore, the WD is growing in mass. We now switch to a mixed
composition once the TNR is ongoing and a major fraction of the accreted material is convective.
This technique provides a range of model outcomes that are more compatible with observed CNe
physical parameters reported in the literature. The simulations with 25%WDmatter and 75% solar
matter appear to fit the observations somewhat better than those with 50% WD matter and 50%
solar matter.
Nevertheless, NOVA is able to only follow one outburst and reaching close to the Chandrasekhar
Limit requires many such cycles of accretion-TNR-ejection-accretion. While this has yet to be done
with either CO or ONe enriched material (this may have been done in the study of (Rukeya et al.,
2017) but they only reported their ejected mass not the accreted mass), multi-cycle evolution and the
growth inmass of theWDhas been donewith solar accretion studies (Starrfield, 2014; Hillman et al.,
2015a,b, 2016; Starrfield, 2017). The multi-cycle studies reported in Starrfield (2014), Starrfield
(2017), and this work were done with MESA (Paxton et al., 2011, 2013, 2018, and references
therein) while those described by Hillman et al. (2015a) and Hillman et al. (2016) were done with
the code of (Kovetz et al., 2009, and references therein). Given these studies with multiple codes,
therefore, we feel that our single outburst result implies that the consequences of the CN outburst is
the growth in mass of the WD under all situations.
Of great importance, some of the ejected isotope abundances in the simulations also fit the
isotopic ratios measured for some pre-solar grains suggesting that these grains come from CNe
ejecta (Pepin et al., 2011; Bose & Starrfield, 2019a,b; Iliadis et al., 2018). Pepin et al. (2011)
studied the neon and helium abundances in cometary dust and identified grains with probable CNe
origins. Bose & Starrfield (2019a,b) compared the compositions of 30 pre-solar SiC grains with
predicted isotopic abundances. The simulations with 25% WD matter and 75% solar matter and
with CO WD masses from 0.8 M to 1.35 M provided the best fits to the measured isotopic data
for four SiC grains. In addition, one grain matched the 50%WD and 50% solar 1.35M simulation.
Iliadis et al. (2018) reported on aMonte Carlo technique, that involved the random sampling over the
most important nova model parameters: the WD composition; the mixing of the outer WD layers
with the accreted material before the explosion; the peak temperature and density; the explosion
timescales; and the possible dilution of the ejecta after the outburst. They identified 18 pre-solar
grains with measured isotopic signatures consistent with a CO nova origin, without assuming any
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dilution of the ejecta. These results emphasize our contention that CNe ejected matter was present
during the formation of the solar system.
More recently, we have compared the isotope abundances from these CO and ONe nova
simulations to the O-anomalous pre-solar dust grains with oxide and silicate chemistries. A smaller
fraction of the O-anomalous pre-solar grains in meteorites include those with very large 17O
excesses (17O/16O > 4×10−3) and small to moderate depletions in 18O. These grains were classified
as extreme Group 1 grains. The previous models (José et al., 2004) that made the case for both
CO and ONe novae being suitable sites for extreme Group 1 grains (Vollmer et al., 2008; Nittler
et al., 2008; Gyngard et al., 2010) failed to explain the exact compositions of the extreme Group 1
grains but instead suggested a mixing between the nova ejecta and the surrounding medium. The
0.8 M and 1.0 MWD simulations can ideally explain the entire range of observed oxygen isotope
compositions with variable amounts (5 to 80%) of CN ejecta. These same mixing models, however,
cannot explain the silicon or magnesium grain compositions of the pre-solar grains. Alternatively,
the only case that works reasonably well for silicon andmagnesium isotope compositions of extreme
Group 1 grains is the 0.6 M CO WD MDTNR simulations. It can explain the small enrichments
(up to 100 ‰) observed for 30Si and up to 1000 ‰ enrichments observed for magnesium isotope
compositions. However, these simulations cannot explain the oxygen isotope compositions. It
underproduces both 17O and 18O compared to 16O. 17O production by explosive proton burning is
common in nova explosions but additional 18O production is required to explain the extreme Group
1 grain compositions. 18O is produced by helium-burning that would occur in He novae (e.g., V445
Pup that shows no hydrogen lines). Extreme Group 1 grains can potentially form in He novae but
these binary systems need to be modeled. Alternatively, 18O production may occur in the secondary
carbon star, which is subsequently accreted onto the WD and takes part in grain condensation.
7. Conclusions
We have described the thermonuclear evolution that occurs as a consequence of accretion onto
WDs assuming all compositions (solar, CO, and ONe), WD masses, and mass accretion rates. If
the SD scenario for the progenitors of SN Ia is valid, then the growth of a CO or ONe WD to the
Chandrasekhar Limit is required. This, in turn, requires that more material remain on a WD after a
TNR than is ejected by the TNR. The hydrodynamic simulations of accretion onto WDs show that a
TNR always occurs. We have evolved a broad range in WD mass (0.4 M to 1.35 M) with NOVA
, assuming a solar composition, and found that the maximum amount of ejected material (∼ 4%)
occurs for the 1.25M sequences and decreases to ∼ 0.1% for the 0.7M sequences. Therefore,
the WDs are growing in mass as a consequence of the accretion of solar material. Finally, the time
to the TNR is sufficiently short that Recurrent Novae could occur on a much broader range of WD
mass than heretofore believed. We have also done simulations, using NOVA, of TNRs on both CO
(Starrfield et al., 2019) and ONe (Starrfield et al. 2020, in preparation) WDs with the same results.
The simulations done with MESA allowed us to study the effects of repeated TNRs on WDs of
various masses and M˙. Figure 13 illustrates the main conclusions from this second part of the study.
It shows the parameter space investigated with MESA in terms of WD mass and accretion rate and
that theWDmass is growing for virtually all reasonableWDmasses and M˙ (in the sense of observed
CV accretion rates). We identify the different regimes of behavior in the simulations reported here
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and show that, for a large range of accretion rates, the WDs grow in mass and that it is possible for a
WD to start off with a mass as low as 0.70M and, given sufficient time, reach 1.35M and higher.
The 1.35M sequences never become red giants and despite recurrent hydrogen and helium flashes
their growth in mass continues through the simulations. Therefore, once an accreting WD reaches
a mass of 1.35 it will continue growing in mass for all accretion rates that were studied and could
eventually reach the Chandrasekhar Limit. We emphasize that the high accretion rates on lower
mass WDs that end with growth to red giant dimensions are larger than observed for typical CVs.
We find that the helium flashes in these simulations are insufficiently powerful to eject mass
and offset the mass growth. For the WD simulations that grow in mass, the timescale for reaching
the Chandrasekhar Limit varies by two orders of magnitude. This timescale depends on the WD
mass and M˙ and varies from 5.6×106yr to 4.3×108yr.
Finally, we conclude that the SD scenario is a viable channel for progenitors of SN Ia explosions.
However, continuous accretion at high rates onto lowermassWDs should cause them to be extremely
luminous and this is probably ruled out by the observations. The only systems thatmight be accreting
at these high rates are the Super Soft Binary X-ray Sources originally discovered in the LMC. These
systems are binaries, with luminosities L∗ ∼ 1037−38erg s−1 and effective temperatures ranging from
3−7×105K. If the WDs are sufficiently massive, and the accreting material is not mixing with core
material, then these results also suggest that the WDs in these systems are growing in mass.
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